Introduction 53
In general, the success of animal production is mainly dependent on the minimization of the relationship between growths and nutrient costs. The correct description of growth data is especially important when a rigorous and predictive quantification is necessary in order to establish that animals are ready for market (Kebreab et al., 2007) . The most robust tool to address organism live-weight is obtained by the use of sigmoidal equations that permit to evaluate all the characteristic phases of animal growth. It is important that mathematical models not only fit well the experimental data but also contain parameters of clear biological meaningful (Zwietering et al., 1990; France et al., 1996; Vázquez and Murado, 2008a ).
Several equations (e.g. Gompertz, Richards, monomolecular, etc.) have been applied with excellent results for describing a wide number of growth kinetics (Mignon-Grasteau et al., 1999; López et al., 2000; Lambe et al., 2006; SchulinZeuthen et al., 2008; Strathe et al. 2010 ). However, in most cases a full study of important parameters is not performed and, moreover, expressions of those equations with lifetime parameters explicitly formulated are not commonly used. In addition, the modelling of non-conventional profiles (i.e., biphasic sigmoid patterns)
has not been previously developed to predict these tendencies and identify possible causes.
The aim of present work was to evaluate and compare five sigmoid equations for best fit in addressing the growth data of different animals. Subsequently, two equations were selected to formulate bi-sigmoidal models that described accurately the non conventional biphasic trends observed in specific animal growths. In all 
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Experimental data 82
Animal growth data were collected from results previously reported in the literature and taken from the published figures by means of GetData Graph Digitizer 2.24. The growth kinetics were selected from the following studies: cattles, cats, dogs, goats, rabbits and sheeps (López et al., 2000) , Mos and Sasso cocks (Franco et al., 2012a) , Castellana cocks and capons (Miguel et al., 2008) , and Celta pigs (Franco et al., 2011) .
On the other hand, the biphasic sigmoid data of Mos cocks and foals were obtained from previous reports (Franco et al., 2012b; Franco et al., submitted) . In all cases, the data used for modelling were net growths so that the initial weights at time zero were used to subtract the rest of data values.
Mathematical models 94
A set of five sigmoid equations (Table 1 ) was evaluated to model the profiles of animal growth. The selected equations are well-known and applied in a wide range of chemical and biological contexts such as dose-response theory (Murado et al., 2002; Murado and Vázquez, 2007) , toxicological assessment (Riobó et al., 2008; Rial et al., 2011; Murado et al., 2011) , microbial productions (Vázquez et al., 2006; Vázquez et al., 2008) , predictive microbiology (Chhabra et al., 2002; Gil et al., 2006) , DNA analysis (Pfaffl, 2001; Goll et al., 2006; Swillers et al., 2008; Rutledge & Stewart, 2008 ) and animal growths (López et al., 2000; Freitas, 2005; Strathe et al. 2010 ).
The formulation of those equations with parameters of clear geometrical and 1 and Table 2 ) facilitates the perfect description and classification of the growth kinetics. Additionally, the fittings using reparameterised functions help to easily calculate the confidence intervals of the parameters. The algebraic steps required to obtain these reparameterisations are described, for two cases (Bertalanffy and Weibull) , in appendix section.
Numerical Methods and Statistical Analysis 110
The fitting procedures and parametric estimates from the experimental results were performed by minimizing the sum of quadratic differences between the observed and model-predicted values using the nonlinear least-squares (quasi-Newton) method provided by the 'Solver' macro from Microsoft Excel spreadsheet. The confidence intervals of the best-fit values for the parametric estimates (Student's t test= 0.05), consistency of the mathematical models (Fisher's F test; p < 0.05) and covariance and correlation matrices were calculated using the 'SolverAid' macro, which is freely Subsequently, two criteria based on the information theory (Shannon, 1948) , Akaike information criterion (AIC) and Bayesian information criterion (BIC), were used to compare the predictive ability of equations (Table 1) to model animal growth data.
The AIC and BIC-equations are a measure of the lack-of-fit of the best model -by taking into account both, bias and variance-and as well as the increased unreliability of the selected model to the increased number of model parameters (in terms of 129 130 131 accuracy and complexity of the model) (Yi and Judge, 1988; Shi and Tsai, 2002; Burnham and Anderson, 2002) : 
The model with the lowest AIC and BIC is the one with the highest likelihood of being correct. The probability (Pr) of the chosen model being correct between two models m1 and m2 (pairwise comparison) can be calculated as indicated below: Both probabilities vary in a range from 0 to 1 where the maximum probability to select the best equation is 1. In addition, bias and accuracy factors of the equations from Table 1 were calculated to evaluate the fitting of those models to experimental data (Ross, 1996; Vázquez et al., 2011) : 
3.
Results and discussion Five out of twelve animals studied, the logistic equation was the best model to describe the growth data selected according to AIC and BIC (Table 7) . In those cases, the confidence intervals for the numerical estimations of kinetic parameters were lower than for the rest of equations and therefore less uncertainty in logistic parameter determination was observed. The sum of probabilities produced for each pairwise comparison between sigmoid equations was calculated in Table 7 -the maximum value for the sum of probabilities that can be obtained for the best equation is 4-. In the rest of animal's data the best fittings were distributed for equation (2) (Sasso, cat, sheep and goat), equation (3) 
Biphasic growth profiles and modelling 210
In some cases, the animal growths do not show the classical sigmoidal profiles described above but biphasic trends defining two sigmoids curves. This type of kinetics could be described by means of sum of two sigmoid equations (Vázquez et al., 2009 ). Since in previous section the equation (1) was a good candidate to model data from several animal growths, it has considered that a sum of two logistics should be suitable for this purpose. Furthermore, it was compared with the fittings of the sum of two Gompertz models. Both formulations in the two reparameterised expressions are as follows: The graphical meaning of parameters is displayed in Figure 3 and its definitions and units are listed in Table 2 . The experimental data selected from bibliography were successfully described by both equations (12) and (13) for all live-weight phases.
Only a small lack of fit was observed at initial times using logistics ( Figure 4 ). The predictive ability of the two models was similar in the cases tested regarding to the values of statistical analysis and parameter estimations obtained (Table 8 ). The parameter estimations from equations (12) and (13) were always statistically significant (=0.05). However, using (14) and (15) two parameters were not significant ( m1 on cock and  1 on foal). In comparison both parameter sets were similar and not significant differences were shown (P>0.05). Thus, either model from Table 1 could be interchangeably used without risk of losing effectiveness in modelling and describing biphasic growth data.
In addition, a sum of two Weibull equations (2) was also checked but the results were slightly lower than obtained by (12) and (14) (data not shown). These types of equations are basically empirical and do not explain the reasons or mechanisms that generate these profiles. However, they are a mathematical resource that accurately simulate experimental data and provide parameters with clear geometric and biological definition. equations were explicitly formulated with parameters that have a clear geometric and biological meaning which completely described animal growth characteristics.
Appendix A
Reparameterisation of Bertalanffy equation
The most common expression of the Bertalanffy equation is as follows (Bertalanffy, 1957) :
The maximum growth or final asymptote (phase plateau) is calculated from the limit when time tends to infinite:
The parameter  is defined as the time required to obtain the semimaximum growth.
Thus, when G=G m /2 we have: We insert the above expression in the conventional form [a1] with the purpose to give the explicit meaning to that parameter in the following reparameterised form 1 (Table   1) :
Taking the second derivative from (A.1) to zero and isolating the abscissa of the inflection point (t = t i ), we obtain:
The value of growth when t = t i would be: 
If mathematical functions (A.5), (A.6) and (A.7) are placed in (A.8), we have: Similarly, the time to reach the asymptote phase (t m ) by intersection among R and Finally, reorganizing terms in (A.9) and inserting both (A.7) and (A.9) in (A.1), the reparameterised form 2 is expressed as follows: 
Reparameterisation of Weibull equation
The conventional equation of cumulative function of the Weibull's distribution is expressed as follows:
As in previous case the maximum growth when time tends to infinite is G m .
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Animal net growth, kg t :
Time, days G m : Maximum animal net growth, kg  :
Time required to reach 50% of maximum growth, days  m : Specific maximum net growth rate, days -1
Time at inflection point, days v m :
Maximum net growth rate, kg days -1 t m : Time required to achieve the beginning of asymptote phase (G m ), days
Lag phase of net growth, days v med : Maximum net growth rate obtained at the median abscissa of equations (2) and (3), kg days -1
 med : Lag phase obtained at the median abscissa of equations (2) and (3), days  :
Parameter related with the maximum slope of the net growth (equation (2)), dimensionless a:
Parameter related with the maximum slope of the net growth (equation (3) Lag phase for the second sigmoid, days G f :
Final maximum animal net growth in the biphasic process (value of G when t G f =G m1 +G m2 ), kg 1 Table 3 Castellana Castellana capons Equation (1) Equation (2) Equation (3) Equation (4) Equation (5 
